as tissue edema, elevated interstitial pressure, ischemia, and anaerobic metabolism, resulting in extensive cell and tissue damage.
Early stages of severe burns are typically characterized by increased vessel permeability causing loss of circulating body fluid potentially leading to shock. It has been reported in a retrospective study with more than 12,000 cases that the incidence of burn-induced shock was 85% when the burn area exceeds 90% TBSA; in the case of 50-69% TBSA, the ratio reached 57% [5] . Delayed resuscitation is closely correlated with systemic infection, burn sepsis, and multiple organ dysfunction syndrome [6] . Another common pathological situation in which vessel permeability changes are observed is infection-induced sepsis, a systemic inflammatory response caused by infection that may originate from many different diseases and pathological condition. In this case, elevated levels of inflammatory mediators induce extensive and increased capillary permeability leading to lethal septic shock. From a large retrospective analysis that included 500 nonfederal US hospitals and more than 10 million cases of sepsis, the National Center for Health Statistics reported a threefold increase of sepsis incidence over a 22-year period with the highest rate of 2.4 cases/1,000 people/year [7] . In patients with septic shock, mortality rates ranged from 40 to 75% based on different reports [8] . Unfortunately, to date, no specific treatment targeted to decrease blood vessel permeability is available clinically, although the demand is urgent considering the high incidence of shock and subsequent complications.
Thrombin is one of the very effective permeability increasing factors in situations of shock or sepsis [1] . It is also known that in critically ill burn patients and those with severe large burns, there is significant disseminated intravascular coagulation indicating that pro-thrombin is activated to thrombin shortly after severe burns and contributes to the increase in vessel permeability observed under these conditions [9, 10] . Therefore, development/ identification of a molecule(s) that antagonizes the severe effects of thrombin on increased vessel permeability would represent a major advancement in alleviating these serious conditions. Thrombin binds to heterotrimeric GPCRs and activates them by proteolytic cleavage of the N-terminus, hence the name proteolytically activated receptors (PARs) [11] . Thrombin activation of PAR-1 in endothelial cells results in multiple downstream signals that stimulate Rho kinase causing actin stress fiber formation, which leads to endothelial cell-shape changes and gap formation. Another molecular target for thrombin is VE-cadherin, a membrane protein predominantly expressed in endothelial cells, which is crucial in stabilizing the endothelium, as well as in regulating the barrier between the circulating blood cells and the surrounding tissues [12] .
For effective treatment, early resuscitation, as suggested by the "Surviving Sepsis Campaign Guidelines Committee," must be applied [13] . It is known that this approach has saved thousands of lives by perfusion of several thousand milliliters of solution, including plasma, albumin, and crystalloid solution within several hours after sepsis shock occurs. However, all treatments for resuscitation are still symptomatically targeted and not etiologically targeted because to date not a single drug has been found that can be safely applied to specifically block increased vessel permeability in vivo. Therefore, finding an effective treatment to control and/or antagonize increased vessel permeability would make a very significant contribution to the treatment of many diseases in which increased vessel permeability is a critical component. Our previous work showed that insulin stimulates angiogenesis through the PI3K-Akt-Rac1 signal pathway and that the microvessels have many more αSMA-producing cells associated with them than controls, suggesting that it stimulates vessel stability potentially increasing barrier function [14] . These results have been subsequently confirmed by others [15, 16] . Therefore, we hypothesize that the ability of insulin to increase barrier function (i.e., decrease vessel permeability) results in antagonizing the function of molecules such as thrombin, which stimulate the breakdown of barrier function (i.e., increase vessel permeability). We show that insulin interferes with thrombin-induced VE-cadherin translocation to the cytoskeleton/nuclear compartment, leading to microvessel leakage. Simultaneously, the rapid activation of Src by insulin followed by the activation of Rac1, a small GTPase involved in cytoskeletal reorganization, leads to the maintenance of endothelial barrier, short-circuiting the slower thrombin-induced Src-RhoA signaling that leads to endothelial permeability. Our results suggest that insulin treatment should be considered an approach to control vessel permeability and could be used in resuscitation treatments of extensive burns, sepsis, and other severe pathological conditions.
Materials and Methods
HMEC-1, was obtained as a gift from the Centers for Disease Control and Prevention (Atlanta, GA, USA). DMEM was purchased from Mediatech (Herndon, VA, USA), and FBS was from Atlanta Biologicals (Norcross, GA, USA). Transwell systems and Matrigel matrix were purchased from BD Biosciences (Franklin Lakes, NJ, USA), 3-kDa fluorescein isothiocyanate (FITC) dextran, rhodamine-phalloidin, and Alexa-Fluor 594 goat anti-rabbit antibody were from Invitrogen (Carlsbad, CA, USA). Src tyrosine kinase inhibitor pyrazolopyrimidine (PP2) was purchased from EMD4Biosciences (Gibbstown, NJ, USA), Rac1 inhibitor NSC 23766 from Cayman Chemical (Ann Arbor, MI, USA) and Rho kinase (ROCK) inhibitor Y-27632, broad tyrosine kinases inhibitor Genistein and insulin receptor (IR) neutralizing antibodies (IRAb) (29B4) were from Calbiochem (San Diego, CA, USA). Bovine thrombin was purchased from Fisher Bioreagents (Fair lawn, NJ, USA), recombinant human insulin for cell culture was from Sigma-Aldrich (St. Louis, MO, USA), and Humulin human insulin (rDNA origin) isophane suspension for in vivo animal experiment was from Eli Lilly and Company. Protein-G/Sepharose was from GE Healthcare, Life Sciences (Pittsburgh, PA, USA). The following antibodies were obtained from various suppliers: anti-phospho-Y731 VE cadherin (Abcam, Cambridge, MA, USA), anti-VE cadherin, anti-phospho-Tyr416 Src, SHP2 and GAPDH (Cell signaling Technology, Danvers, MA, USA), anti-Rac1 (BD Biosciences, Franklin Lakes, NJ, USA), anti-β-Actin (Sigma-Aldrich, St. Louis, MO, USA), horseradish peroxidaseconjugated secondary antibodies (Thermo Scientific, Rockford, IL, USA), and FITC-conjugated goat anti-mouse immunoglobulin (Zymed Laboratories, South San Francisco, CA, USA). Rho Activation Assay Kit and Rac1 Activation Magnetic Beads Pull down Assay were purchased from EMD Millipore Corporation (Temecula, CA, USA).
Cell Culture HDMEC were cultured with ECM containing growth supplements (ScienCell Research Lab.). HMEC-1 cells were cultured in 10% FBS DMEM. All cells were cultured in 5% CO 2 at 37 ° C.
In Vivo Permeability Assay C57/B6 mice were purchased from FuDan University (Shanghai, China), and housed at the Shanghai JiaoTong University, School of Medicine (SJTUSM). Experimental protocols were approved by the SJTUSM Animal Care and Use Committee. The mice were anesthetized with ketamine (80 mg/kg) and xylazine (16 mg/kg) (IP) at the start of the experiment. The in vivo permeability assay was conducted as described previously for VEGF [17] . C57/B6 mice (6-8 months old, n = 8) were injected intravenously via the tail vein with 100 μL of 2% Evans blue dye in sterile normal saline. After dye injection, contralateral regions of the mouse dorsum were injected subcutaneously with 25 μL of vehicle (saline, NS), 0.03 U insulin or 100 U thrombin in 25 μL of NS, or 0.03 U insulin plus 100 U thrombin in 25 μL of NS. Thirty minutes after injection, mice were sacrificed by CO 2 inhalation and perfused with sterile NS; a 7-mm punch biopsy was removed from the injected skin region. Skin punches were photographed. Evans blue was then extracted from these biopsies by incubation with 400 μL of formamide at 56 ° C for 24 h, and uptake was quantified using a spectrophotometer at 600 nm absorbance. Absorbance was normalized to tissue weight.
In vitro Permeability Assays
The procedure was conducted as previously described [18] . HDMECs were placed on Matrigel-coated transwell inserts with 3 μm pore size. A total of 1 × 10 5 cells in 100 μL of media were plated within transwell inserts. Three hours later, the media with nonadherent cells were removed, and 300 μL of fresh media were added to the insert and 1 mL of media was added to the lower chamber. Twenty-four hours after plating, the same number of HDMECs were plated for the second time using the same protocol. Twentyfour hours after the second plating, an endothelial cell monolayer with optimal barrier function was formed. A quantity of 10 μg of 3-kDa FITC-dextran was added to the lower chamber of the transwell system along with thrombin or thrombin plus insulin. Untreated cultures served as controls. For all permeability assays, 10 μL aliquots were removed at the indicated time points from the upper chamber, and fluorescence intensity was quantified using a fluorimeter (Victor 1420; PerkinElmer Life Sciences and Analytical Sciences, Boston, MA, USA), with excitation at 485 nm and emission at 535 nm, to provide an indicator of relative endothelial permeability. Each treatment group was performed in triplicate.
Immunolabeling
Cells were cultured in 35 mm cell culture dishes, fixed in 4% paraformaldehyde for 20 min, rinsed with PBS, incubated in PBS containing 0.1 M glycine for 20 min, and blocked with 3% BSA, 0.01% Triton X-100 in PBS for 30 min. Primary antibodies in 1% BSA/PBS were applied to the sample for 2 h at room temperature, washed, and incubated with 1: 200 dilutions of FITC or Alexa Fluor 594-conjugated secondary antibodies for 1 h at room temperature. For actin staining, we used Rhodamine-phalloidin. After washing, the cells were mounted in Vectashield-containing DAPI (Vector Laboratories, Inc., Berlingame, CA, USA). Immunofluorescence was visualized and imaged using a Nikon microphot-FXA microscope.
Immunoblot Analysis
Cells were treated as indicated, washed with ice-cold 1X PBS, and lysed on ice with lysis buffer containing 0.5% Triton X-100, 0.5% Nonidet P-40, 10 m M Tris, pH 7.5, 2.5 m M KCl, 150 m M NaCl, 30 m M b-glycerophosphate, 50 m M NaF, 1 m M Na 3 VO 4 , 0.1% SDS, and additional protease and phosphatase inhibitor cocktails. Protein concentrations were measured using the DC protein assay kit (Bio-Rad). Equal amounts of protein in the cell extracts were mixed with sample buffer, boiled, and analyzed using 10% acrylamide SDS-PAGE. Immunoblotting was performed with the appropriate primary antibodies and HRP-conjugated secondary antibodies, followed by incubation with West Dura extended duration substrate (Pierce Biotechnology). The Blot signals were captured either by X-ray film or using Image Lab software. Blots were then reprobed for total protein or housekeeping proteins to show equal loading.
Rac1 and RhoA Activation Assay
The procedure was conducted per manufacturer's instruction. In briefly, 10 μL of the Rac1 Assay Reagent or 15 μL of the Rho Assay Reagent were added into each cell extract. The cell extracts were then incubated for 45 min at 4 ° C with gentle agitation. The agarose beads were pellet, washed 3 times, and then resuspended and boiled for 5 min. The supernatants and the agarose pellet were loaded for the SDS-PAGE and Western blot analysis.
Trypsinization Experiments
To distinguish between cell surface and intracellular VE-cadherin, HMEC-1 cells were rinsed with PBS and incubated in trypsin/EDTA at 37 ° C to proteolytically remove cell-surface VE-cadherin. Trypsin was subsequently neutralized using 10% FBS DMEM. Cells were then collected by centrifugation, and cell pellets were lysed with RIPA buffer. For controls, parallel cultures were harvested in RIPA buffer without trypsinization. Cell lyses were then analyzed by immunoblot analysis as described above.
Detergent Fractionation
The procedure was conducted as described previously [19] with some modifications. Briefly, cells were sequentially extracted with cytosol extraction buffer ( 2 of ice-cold extraction buffer supplemented with freshly added protease inhibitor cocktail. Detergent extracts were then diluted with an equal volume of ice-cold distilled and de-ionized H 2 O, and proteins precipitated with 4 volumes of ice-cold acetone by leaving the solution at -20 ° C for 30 min. Protein pellets were redissolved in RIPA buffer. Protein concentrations were measured and equal amounts of protein were mixed with the appropriate volume of SDS-PAGE sample buffer then boiled in a water bath for 5 min with intermittent vortex mixing. Samples were then analyzed using 10% acrylamide SDS-PAGE.
Immunoprecipitation
After detergent fractionation, protein pellets were dissolved in 100 μL RIPA buffer. Protein concentrations were measured and equal amounts of protein were used; RIPA buffer was added to make a total volume of 500 μL/sample. A volume of 5 μL of anti-VE-cadherin antibody was added and then incubated at 4 ° C for 2 h. A quantity of 40 μL of Protein-G/Sepharose was then added and rocked at 4 ° C for 2 h. Beads were then washed 3 times with 150 m M RIPA buffer and 20 m M NaCl RIPA to equilibrate back to low salt. All supernatant were removed, 4 × sample buffer was added, and samples were boiled for 5 min; this was followed by 13,000 rpm centrifuge for 15 min to crush beads and release protein. Samples were then analyzed using 10% acrylamide SDS-PAGE and perform immunoblotting.
Statistical Analysis
Data analysis was performed using GraphPad Instat software (GraphPad Software Inc.). t tests were used to determine the significance of pair-wise differences between means, unpaired t tests for comparison between 2 groups, and one-way ANOVA (Dunnett's post hoc test) were used to determine significance between means of several groups. Data satisfying the assumptions of ANO-VA were verified before performing the tests. A p value <0.05 was considered statistically significant, and a p value <0.01 was considered highly statistically significant. Data are shown as mean ± SD.
Results

Insulin Antagonizes Thrombin-Induced Blood Vessel Leakage and Permeability of Tight Endothelial Monolayers
The effects of insulin and/or thrombin on vessel permeability were examined by monitoring the extravasation of Evans blue dye from the circulation into the surrounding tissues after treatment with thrombin in the presence or absence of insulin. For the localized in vivo microvessel permeability assay in the skin, we chose a dose of insulin that does not significantly affect blood glucose levels based on our previous work [14] . For thrombin, the dose was determined in preliminary experiments that measured frank Evans blue extravasation. The dose we used was higher than the concentration of thrombin produced during inflammation in vivo [20] . After perfusion of Evans blue, thrombin or insulin or thrombin + insulin were injected under the skin in 4 different locations on the shaved back of a perfused mouse. Thrombin significantly increases permeability in vivo as shown by the Evans blue extravasation into the thrombin-treated tissue area. This effect was significantly inhibited by the presence of insulin ( Fig. 1 a) . The results were confirmed by quantifying the Evans blue extracted from the different treated tissues ( Fig. 1 b) .
To determine the molecular mechanisms involved in the inhibitory effects of insulin on thrombin-induced endothelial permeability, we used a system we have previously developed for in vitro permeability assays [17] . Primary HDMECs were treated with 1.5 U/mL thrombin or 1.5 U/mL thrombin plus 10 -8 M insulin. We have previously shown that at this low dose, insulin functions exclusively through the IR [14] . Thrombin treatment resulted in increased FITC-dextran movement from the lower chamber to the upper chamber, illustrating the increase in permeability, whereas this was prevented by simultaneous treatment with insulin ( Fig. 1 c) , suggesting an antagonistic effect of insulin on thrombin-induced permeability of the "endothelium." Corresponding cell morphological changes and intercellular gap formation were visualized by F-actin staining ( Fig. 1 d) . The numbers and sizes of gaps were significantly decreased when insulin was added with thrombin. 147 cellular adhesion junctions. It has been shown that thrombin induces activation/phosphorylation of VE-cadherin leading to permeability increase [21] . To detect whether insulin exerts an antagonistic effect by interfering with thrombin-induced phosphorylation of VE-cadherin, we examined VE-cadherin phosphorylation by thrombin alone and by thrombin in the presence of insulin. Increased phosphorylation of VE-cadherin at 3 and 5 min after thrombin treatment followed by decreased phosphorylation by 15 min suggests that thrombin induces Insulin antagonizes thrombin-induced blood vessel leakage and thrombininduced permeability in tight endothelial monolayers. a Mice were injected with Evans blue via tail vein, and then injected subcutaneously with either normal saline (NS) as vehicle, thrombin, insulin, or thrombin plus insulin. Thirty minutes after treatment, mice were euthanized and perfused with NS to clean the dye from the circulatory system, followed by the removal of treated regions of skin via punch biopsy. b Evans blue was extracted from the skin punches and quantified by spectrophotometry. Statistical analysis was performed as described in the Materials and Methods section; data are shown as mean ± SD. Densitometric quantification of phosphorylated VE-cadherin immunoblots using Image J software. Phos-VE-cadherin signals were normalized to VE-cadherin signal to account for variability in loading. Statistical analysis was performed as described in the Materials and Methods section; data are shown as mean ± SD. n = 5. c HDMEC were either left untreated or treated with 1.5 U/mL thrombin or 10 -8 M insulin or 1.5 U/mL thrombin plus 10 -8 M insulin for 5 min and then fixed and immunolabeling for VE-cadherin. Pictures are representative of 3 experiments. d Total VEcadherin and intracellular VE-cadherin was assessed by trypsinization experiments as described in Materials and Methods. e Densitometric quantification of VE-cadherin immunoblots using Image J software. VE-cadherin signals were normalized to Factin signal to account for variability in loading. Statistical analysis was performed as described in the Materials and Methods section; data are shown as mean ± SD. * p < 0.05. n = 3. Scale bars = 20 μm. 149 rapid phosphorylation of VE-cadherin in the first few minutes after treatment but that this phosphorylation subsides quickly. We also observed a trend in decreasing of VE-cadherin phosphorylation when endothelial cells were pretreated with insulin, although that decrease was not statistically significant ( Fig. 2 a, b) .
Insulin Interferes with
The activation and internalization of VE-cadherin are important for thrombin-induced vessel permeability [12] . Using immunolabeling to detect the cellular distribution of VE-cadherin we found that endothelial cell tight monolayers in the presence of insulin show VE-cadherin on the cell surface ( Fig. 2 c) . Thrombin treatment increases the presence of VE-cadherin in the cytosol and perinuclear area with decreased presence in the plasma membrane (PM). However, when the cells were treated with thrombin in the presence of insulin pretreatment, there was no significant movement of VE-cadherin to the cytosol ( Fig. 2 c) . To confirm these findings quantitatively, we conducted trypsinization experiments to distinguish between cell surface and intracellular VE-cadherin. There is no significant difference in VE-cadherin levels between untreated cells and cells treated with thrombin, insulin, or thrombin combined with insulin ( Fig. 2 d left,  e) . However, by incubating the cells with trypsin/EDTA, cell surface VE-cadherin should be proteolytically removed and only intracellular VE-cadherin should be detected. Thrombin results in a significant increase in VEcadherin because this protein was internalized and protected from trypsinization. However, when thrombin treatment was preceded by insulin pretreatment, there was a significant decrease in intracellular VE-cadherin because more of it stayed on the surface and was digested by the trypsin ( Fig. 2 d right, e) . These results suggest that insulin reverses the effects of thrombin on VE-cadherin distribution and that thrombin-induced VE-cadherin translocation to the cytosol is inhibited by insulin. Detergent fractionation assays that were performed as previously described [19] confirmed these findings. Thrombin and/or insulin pretreated endothelial cells were fractionated into cytosolic, cell membrane and cytoskeletal/nuclear compartments and the extracts analyzed by immunoblotting for VE-cadherin. Thrombin treatment increased the levels of VE-cadherin present in the cytosol and in the cytoskeletal/nuclear fraction ( Fig. 3 a) . However, when the cells are pretreated with insulin before exposure to thrombin, less VE-cadherin was seen in the cytosol and cytoskeleton/nuclear fraction but more was present on the PM ( Fig. 3 a, b) .
Because thrombin is known to cause the activation and dissociation of SHP2 from VE-cadherin/SHP2/β-catenin complex, we then used cells fractionation to immunoprecipite VE-cadherin and detected the levels of VE-cadherin associated SHP2. We found significant increase in VE-cadherin and VE-cadherin associated SHP2 in cytoskeletal/nuclear fraction of thrombin-treated cells but not in thrombin-treated cells pretreated with insulin. Correspondingly, much less VE-cadherin was visibly detected in the membrane fraction of thrombin treatment cells but not thrombin plus insulin-treated cells ( Fig. 3 c) .
Taken together, these results indicate that the antagonistic effect of insulin on thrombin-induced endothelial cell permeability may be due to insulin interfering with thrombin-induced activation/internalization of VE-cadherin. Contrary to what has been previously reported we did not find obvious disassociation of SHP2 from VE-cadherin on the cell membrane upon thrombin treatment. It appears that thrombin induces translocation of SHP2-VEcadherin complex from the membrane to the cytoskeleton, and insulin interfered with this translocation process and keeps more VE-cadherin and SHP2 on the cell membrane.
Small GTPase Rac1 is Involved in the Antagonistic Effect of Insulin on Thrombin-Induced Permeability and Src Phosphorylation is Important in this Process
Small GTPase RhoA and Rac1 regulate cell contraction by regulating Myosin Light Chain (MLC) phosphorylation and actin stress fiber formation. RhoA has been reported to be involved in thrombin-induced increase in vessel permeability [22] through its association with ROCK [23] . We observed no gap formation when the cells were treated with thrombin plus ROCK inhibitor confirming these previous results. The absence of gap formation was also observed when the cells were pretreated with insulin followed by thrombin in the presence of the ROCK inhibitor ( Fig. 4 a) .
We have previously shown that insulin stimulates keratinocyte and endothelial cell migration through Rac1 [14, 24] . In this study, we show that Rac1 inhibitor, NSC 23766, does not interfere with thrombin-induced gap formation, including when insulin is present ( Fig. 4 b) , suggesting that the antagonistic effect of insulin on thrombin-induced vessel permeability is mediated by Rac1. These results were further supported by Rac1 immunolabeling ( Fig. 4 c) . Homogeneous intracellular distribution of Rac1 was found in control and thrombin-treated cells, whereas insulin treatment caused significant increase of Rac1 localization in the peri-nuclear area. Similar Rac1 peri-nuclear distribution was observed in thrombin plus insulin-treated cells ( Fig. 4 c) . We further conducted RhoA and Rac1 activation assays, and found that the thrombin-induced RhoA activation was decreased by insulin ( Fig. 4 d) . On the other hand, thrombin showed no effect on Rac1 activation, whereas insulin treatment alone or in combination with thrombin caused an increase in the Rac1 activation ( Fig. 4 e, f) .
It has been reported that Src is important in thrombininduced vessel permeability [22] . We examined Src phosphorylation by immunoblot analysis and found that both thrombin ( Fig. 5 a) and insulin ( Fig. 5 b) treatment resulted in elevated phosphorylation of Src. However, insulin activates Src as early as 1 min after treatment, whereas significant Src activation is not seen until 5 min after stimulation of the cells by thrombin. We then examined Rac1 distribution and activation while Src activity was inhibited. The inhibition of Src by PP2 interfered with insulin-induced Rac1 activation ( Fig. 5 c, d ) and with perinuclear Rac1 distribution. Decreased Rac1 distribution around the nuclear area is reduced in insulin or thrombin plus insulin-treated cells ( Fig. 5 e) , suggesting that Src is involved in insulin-induced Rac1 activation.
Discussion
Our previous work showed that insulin stimulates endothelial cell migration through the PI3K-Akt-Rac1 signal pathway [14] and it stimulates angiogenesis and increases the number of αSMA-expressing cells associated with the microvessels, indicating an increase in vessel stability. Subsequent to the publishing of our work, others showed that the small GTPase Rac1 is important in controlling microvessel permeability [15] , and confirmed that insulin stabilizes microvascular endothelial barrier function via phosphatidylinositol 3-kinase/Akt-mediated Rac1 [16] . Based on these findings, we tested the possibility that insulin inhibits increased microvascular permeability induced by inflammatory agents. We show above that local injection of insulin under the skin significantly inhibits thrombin-induced microvessel permeability, suggesting that insulin antagonizes thrombin-induced increase in permeability of microvessels. Specifically, insulin prevents thrombin-induced VE-cadherin Insulin interferes with thrombin-induced VE-cadherin-SHP2 complex translocation from the plasma membrane to the cytoskeleton. a Distribution of VE-cadherin in cytosol, cell membrane, and in cytoskeleton/nuclear fractions was monitored using detergent fractionation. b Densitometric quantification of VE-cadherin immunoblots using Image J software. VEcadherin signals were normalized to F-actin signal to account for variability in loading. Statistical analysis was performed as described in the Materials and Methods section; data are shown as mean ± SD. * p < 0.05 (Ctrl vs. Thr). n = 3. c HDMEC-1 cells left either untreated or treated with 1.5 U thrombin for 5 min or pretreated with 10 -8 M insulin for 5 min followed with 1.5 U thrombin treatment for 5 min were fractionated, and different cellular portion were then immunoprecipitated with VEcadherin antibody, and followed with immunoblotting and probed with anti-VEcadherin and anti-SHP2 antibodies. The results are representative of at least 3 experiments.
Insulin Increases Microvessel Stability d HDMECs were either left untreated, or treated with thrombin or thrombin plus insulin for the indicated time. RhoA activation was measured using the RhoA Activation Assay Kit. e , f HDMECs were either left untreated, or treated with thrombin or insulin or thrombin plus insulin for 5 min. e Rac1 activation was measured using the Rac1 Activation Assay Kit. f Densitometric quantification of Rac1 immunoblots using Image J software. Statistical analysis was performed as described in the Materials and Methods section; data are shown as mean ± SD. n = 3. 152 translocation from the cell membrane to the cytosol. In the presence of insulin treatment, SHP2 (Src-homology 2 domain-containing phosphatase 2), an enzyme that is part of the adherent junction complex, remains associated with VE-cadherin in the PM, resulting in inhibition of gap formation and increase in permeability ( Fig. 6 ). VE-cadherin is a transmembrane protein that brings neighboring epithelial cells together to form cell-cell adherens junctions that contribute to the semi-permeable barrier function of endothelium. SHP2 is a tyrosine phosphatase that plays major roles in response to various factors that stimulate increase in microvessel permeability [25] . It has been shown that dissociation of SHP2 from the VE-cadherin complexes correlates with a dramatic increase in human umbilical vein endothelium permeability changes [26] . We show here that SHP2-VE-cadherin complex responds to thrombin by internalization (moving into the cytoskeleton/nuclear compartment) but not dissociation. We show that when endothelial cells are treated with thrombin in the presence of insulin pretreatment, SHP2 remains in the membrane, suggesting that insulin inhibits thrombin-induced increase in microvessel permeability by keeping SHP2 associated with the VEcadherin complex in cell membrane. SHP2 also plays an important role in the recovery of disrupted endothelial cell-cell junctions by dephosphorylating VE-cadherin and promoting the stability of VE-cadherin at the PM [27] . This may also occur in insulin-induced vessel permeability.
It is well known that GPCRs activate the Src family of kinases and that Src activity plays a role in controlling GPCR trafficking and cytoskeletal rearrangement [28] . 6 . Schematic representation of the mechanisms by which insulin inhibits thrombin-induced permeability. a Left cell. Thrombin stimulates the Src/RhoA signaling pathway leading to activation of the VE-cadherin-SHP2 complex and its release into the cytosol, leading to gap formation. a Middle cell. On the left shows VE-cadherin-SHP2 is released into the cytosol after thrombin activation and on the right side VE-cadherin-SHP2 remains on the membrane due to insulin signaling. a Right cell. Insulin treatment causes SHP2 to remain associated with VE-cadherin in the plasma membrane through the quick activation of Src/Rac1 signaling resulting in inhibition of gap formation. b Insulin inhibits thrombin signaling by rapidly activating the Src/Rac1 signaling pathway and in that manner preventing the Src/RhoA thrombin-activated pathway, thereby preventing thrombin-induced activation of VE-cadherin-SHP2 to translocate from the cell membrane to the cytosol and consequently inhibiting endothelial cell permeability. PAR, proteolytic activated receptor; IR, insulin receptor; PM, plasma membrane.
Src is involved in the thrombin-activated small GTPase RhoA. RhoA activation causes cell contraction by regulating MLC phosphorylation and actin stress fiber formation [23] Insulin-activated Src induces the activation of the small GTPase Rac1 and prevents cell contraction. Both insulin and thrombin activate Src, but they do so in different time frames. Insulin induces a rapid and brief activation of Src, whereas a delayed but lasting activation of Src was found after thrombin treatment. The difference in the time of activation between insulin and thrombin puts insulin in the driver's seat that targets Src before thrombin does. Small GTPases are a group of molecules involved in the regulation of the cytoskeleton. RhoA and Rac1 are both members of this family of molecules. Although RhoA activation is important in thrombin-induced vessel permeability, Rac1 activation is primarily related to the stabilization of the endothelium through the enhancement of the peripheral actin cytoskeleton, thus strengthening adherent junctions [14] . It has been shown in hemorrhagic shock that the balance in the activity of RhoA and Rac1 is important [28] . RhoA regulates the vascular permeability primarily through the activation of ROCK and inhibition of Rac1, whereas Rac1 activation significantly decreases the activity of RhoA [29] suggesting an intrinsic regulation between Rac1 and RhoA. Our data suggest that insulin-induced activation of Rac1 impairs the activation of RhoA, thus inhibiting thrombin-induced vessel permeability. Our findings suggest that the effects of insulin on Src and Rac1 activation are dominant over those of thrombin resulting in a vessel/ endothelial stabilization effect. Therefore, insulin, which has been safely used in the clinic for more than 100 years, is a promising candidate to control permeability induced by pathological conditions that involve thrombin release. Although Src is important in the signaling that leads to the loss of barrier function of endothelium, the extensive biological effects in which Src is involved make its inhibition an unfeasible treatment. We show here that the Srcmediated antagonistic effect of insulin on thrombin-induced vessel permeability achieves the Src effects on barrier function without the side effects that would occur with Src inhibition.
In conclusion, under inflammatory conditions, insulin interferes with thrombin-induced VE-cadherin signaling by decreasing the ability of thrombin to induce the disassociation of the SHP2-VE-cadherin complex from the PM, and translocation to the cytoskeleton/nuclear compartment, leading to microvessel leakage. Simultaneously, the rapid activation of Src by insulin followed by the activation of Rac1, a small GTPase involved in cytoskeletal reorganization, leads to the maintenance of the endothelial cell barrier, short-circuiting the slower thrombininduced Src-RhoA signaling that would have led to endothelial permeability. Our findings provide support for the use of insulin treatment in severe pathological conditions that involve blood barrier dysfunction.
